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A B S T R A C T
The black hole X-ray transient, XTE J1 118+480, has now twice been observed 
in outburst — 2000 and 2005 — and on both occasions remained in the low/hard 
X-ray spectral state. Here we present radio, infrared, optical, soft X-ray and hard 
X-ray observations of the more recent outburst. We find tha t the lightcurves have 
very different morphologies compared with the 2000 event and the optical decay is 
delayed relative to the X-ray/radio. We attribute this lesser degree of correlation to 
contributions of emission from multiple components, in particular the jet and accretion 
disc. Whereas the jet seemed to dominate the broadband spectrum in 2000, in 2005 the 
accretion disc seems to be more prominent and we use an analysis of the lightcurves 
and spectra to distinguish between the jet and disc emission. There also appears to be 
an optically thin component to the radio emission in the 2005 data, possibly associated 
with multiple ejection events and decaying as the outburst proceeds. These results add 
to the discussion th a t the term  “low/hard state” covers a wider range of properties 
than previously thought, if it is to account for XTE J1 118+480 during these two 
outbursts.
K e y  w o rds : stars: individual: XTE J1 118+480 — accretion, accretion discs — X- 
rays: binaries
1 I N T R O D U C T I O N
X T E  J1118+480 is a black hole X -ray  tran sien t, no tab le  for 
being one of a sm all subset of tran s ien t system s observed in 
th e  lo w /h a rd  X -ray sp ec tra l s ta te  th ro u g h o u t a t least one 
o u tb u rs t (e.g. B rocksopp e t a.i. 2004). T he  lo w /h a rd  s ta te  is 
defined in  te rm s of th e  X -ray  spectrum ; trad itio n a lly  th e  X- 
ray  em ission a t 2 -20 keV could be  w ell-described by a power- 
law, w ith  th e  p h o to n  index, T, in  th e  range 1.5 <  V  <  2.1 
and  w ith  no or little  need for a disc com ponent (M cClin-
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tock  & R em illard  2006). T h is  is consisten t w ith  th e  X -ray 
em ission in th is  energy range being p roduced  via C om pton  
u p -sca tte rin g  of soft pho tons by a h o t elec tron  plasm a (e.g. 
corona, je t or advection -dom inated  accretion  flow) and , in ­
deed, a pa rtia lly  self-absorbed rad io  je t has now long been 
associated  w ith  th e  lo w /h a rd  s ta te  (e.g. Fender 2006 and  
references th e re in ) .
C ontroversially, X T E  J1118+ 480 th e n  becam e th e  first 
source for w hich a com pact je t m odel could be  fit to  th e  
w h ole  spec trum , from  rad io  to  h a rd  X -rays, and  required  a 
disc co n trib u tio n  only in  th e  op tica l and  u ltrav io le t regions 
(M arkoff, Fa.lcke, Fender 2001; see also, however, a lte rna tive
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exp lana tions in  Zdziarski e t al. 2003, Zdziarski & G ierlin- 
ski 2004 and  revised je t m odels in  e.g. M arkoff, N owak & 
W ilm s 2005, M a itra  e t al. 2009). T he  im plications of a  dom ­
in an t X -ray  synch ro tron  a n d /o r  inverse C om pton  em ission 
com ponent for th e  energy b u d g e t of th e  je t are far-reaching 
and , if confirm ed, would necessita te  significant changes to  
cu rren t m odels for accretion  discs and  th e ir ou tb u rsts .
S im ilar je t m odels have been  used to  describe low /hard  
s ta te  sp ec tra  of G X  3 3 9 -4  and  Cyg X-1 (M arkoff, Nowak, 
W ilm s 2005). However, G X  3 3 9 -4 , Cyg X-1 and  th e  2000 
o u tb u rs t of X T E  J1118+480 have had  unusually  long p eri­
ods w hen a stab le  je t is p resen t; the  presence of je ts  is m ore 
com m only re s tric ted  to  brief phases of a tran s ien t o u tb u rs t 
(Fender, Belloni, G allo 2004). In  such cases th e  canonical 
self-absorbed rad io  spec trum  of th e  lo w /h a rd  s ta te  is likely 
to  be  “con tam in a ted ” w ith  optically  th in  rad io  em ission (e.g. 
Jonker e t al. 2009). W hile we have a  reasonably  good u n ­
d ers tan d in g  of th e  sequence of progression from  one spec­
tr a l s ta te  to  an o ther, evolution  of th e  je t over th e  course of 
a lo w /h ard  s ta te  o u tb u rs t h as  n o t y e t been  stud ied  in  d e ­
tail. W e do n o t yet know  w hether a  je t, em ittin g  from  radio  
to  X -ray  w avelengths, is a  typ ica l fea tu re  of tran s ien t o u t­
b u rs ts  or a  ra re  phenom enon, occuring only u nder ex trem e 
cond itions in  some specific sources or events.
T he  re lative im portance  of je t, disc and  corona is one 
of th e  key questions cu rren tly  facing the  field of X -ray  b i­
naries. M arkoff e t al. (2005) show th a t  h igh signal-to-noise 
sp ec tra  of Cyg X-1 and  G X  3 3 9 -4  can  be eq u a lly  well fit 
by je t and  C om pton  m odels. H ynes e t al. (2006) em pha­
sised th e  difficulties in  ex trap o la tin g  sp ec tra l m odels from  
th e  in fra red /o p tic a l/u ltrav io le t region to  th e  X -rays, th e  for­
m er of w hich is typically  a  m ix tu re  of je t and  disc em is­
sion. T he  spec tra l b reak  betw een fla t-spec trum  and  optically  
th in  em ission is po ten tia lly  h idden  by th e  disc com ponent 
and  so canno t necessarily  be observed d irec tly  (a lthough  
see also R ussell e t al. 2006, M igliari 2008). In s tead  H ynes 
e t al. (2006) showed th a t  th e  sh o rt- te rm  variab ility  can  help 
to  d is tingu ish  th e  com ponents. A lternative ly  B rocksopp e t 
al. (2006) showed th a t  th e  long-term  variab ility  and  (an ti­
c o r re la t io n  of m ultiw avelength  d a ta se ts  can  also be c ru ­
cial to  d isen tangling  th e  con tribu tions from  disc, je t a n d /o r  
corona and  we ad o p t a sim ilar approach  here.
1 .1  X T E  J 1 1 1 8 + 4 8 0
X T E  J1118+480 was discovered in 2000 w hen it en tered  
its  first know n o u tb u rs t (R em illard  e t al. 2000). T he  event 
las ted  ~  7 m onths, decaying after a  first p eak  and  th en  
reb righ ten ing  to  a  “p la teau  s ta te ” for th e  la t te r  5 m onths, 
stay ing  in  th e  lo w /h ard  s ta te  th ro u g h o u t (C haty  e t al. 2003; 
B rocksopp, B andyopadhyay  & Fender 2004). W hile a syn­
ch ro tro n  spec trum  a t  h a rd  X -rays rem ains controversial, it 
was independen tly  considered likely in th e  infrared , optical 
and  u ltrav io le t regions (K anbach  e t al. 2001; H ynes e t al. 
2003). F ro n te ra  e t al. (2003) showed th a t  th e  X -ray  spec­
tr a  could be  described by a m odel of th e rm a l C om ptoniza- 
tion  p lus b lackbody, b u t th a t  th e  tem p o ra l p ro p ertie s  were 
ind icative of a non -therm al, and  likely synchro tron , com ­
po n en t to  the  soft X -rays. M ore recen tly  R eis, M iller & 
F ab ian  (2009) discovered a th e rm a l disc com ponent w ith  
te m p e ra tu re  0.21 keV  in C h a n d r a  sp ec tra  (a lthough  see also 
G ierlinski, D one & Page 2008, 2009). W e n o te  th a t  all these
T a b le  1. H ard and soft X -ray count ra tes from Swift (top) and 
RXTE  (bo ttom ). T he energy ranges for th e  BAT, PC A  and 
H E X T E  are  14-195, 3-20 and 20-200 keV respectively.
M JD BAT (c ts /s /c m 2 )
53380 0.0024 ±  0.0006
53382 0.0073 ±  0.0003
53384 0.0102 ±  0.0003
53388 0.0067 ±  0.0007
53390 0.0058 ±  0.0003
53392 0.0057 ±  0.0006
53394 0.0033 ±  0.0007
53396 0.0020 ±  0.0007
53398 0.0020 ±  0.0004
53404 0.0012 ±  0.0007
M JD PC A  (c ts/s) H E X T E  (c te /s)
53383.3 56.12 ±  0.36 5.42 ±  0.66
53384.2 57.07 ±  0.30 5.56 ±  0.62
53385.0 55.87 ±  0.17 6.65 ±  0.21
53385.7 53.80 ±  0.24 6.02 ±  0.34
53385.8 51.14 ±  0.16 6.00 ±  0.23
53386.4 47.92 ±  0.22 5.59 ±  0.31
53386.8 44.68 ±  0.15 4.97 ±  0.23
53387.2 45.22 ±  0.21 5.05 ±  0.33
53387.8 42.32 ±  0.14 5.15 ±  0.22
53388.6 42.79 ±  0.16 5.06 ±  0.23
53388.8 39.53 ±  0.14 5.18 ±  0.21
53389.1 37.79 ±  0.28 4.36 ±  0.84
53389.6 38.48 ±  0.19 3.87 ±  0.32
53390.1 36.99 ±  0.26 3.69 ±  0.43
53390.5 35.41 ±  0.20 3.68 ±  0.34
53391.1 31.89 ±  0.20 4.19 ±  0.37
53392.0 28.55 ±  0.23 2.75 ±  0.39
53392.1 29.32 ±  0.23 2.85 ±  0.41
53392.7 24.54 ±  0.24 2.46 ±  0.43
53393.7 20.78 ±  0.09 2.41 ±  0.17
53394.2 19.07 ±  0.16 1.84 ±  0.35
53394.2 18.71 ±  0.15 1.05 ±  0.31
53394.7 16.47 ±  0.12 1.74 ±  0.25
53395.1 15.29 ±  0.17 2.23 ±  0.42
53395.6 14.11 ±  0.12 1.25 ±  0.27
53396.1 12.32 ±  0.16 1.42 ±  0.39
53398.0 8.15 ±  0.17 0.99 ±  0.61
53398.1 8.35 ±  0.09 0.57 ±  0.28
53398.4 7.95 ±  0.08 0.85 ±  0.28
53399.3 6.33 ±  0.16 0.41 ±  0.42
53400.4 4.64 ±  0.17 0.80 ±  0.45
53400.5 4.54 ±  0.11 0.54 ±  0.29
53400.9 4.07 ±  0.14 0.04 ±  0.39
53403.4 1.90 ±  0.15 0.13 ±  0.41
observations took  place during  th e  second, p lateau-like, 
phase of th e  o u tb u rs t w ith  th e  earlier p eak  only being d is­
covered re trospectively  in  R X T E / A S M  and  C G R O /B A T S E  
d a ta  (R em illard  e t al. 2000; W ilson & M cC ollough 2000).
T he  second know n o u tb u rs t of X T E  J1118+ 480 began  
in  2005 January , discovered a t op tica l w avelengths (Z u rita  
e t al. 2005) and  confirm ed by X -ray  and  rad io  observa­
tions (R em illard  e t al. 2005; Pooley 2005). R X T E  obser­
vations confirm ed th a t  th e  X -ray  source again  rem ained  in  
th e  lo w /h ard  s ta te  (Sw ank & M arkw ard t 2005; Z urita  e t 
al. 2006). A fu rth e r reflare occurred  in th e  optical, super-
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T a b le  2. LT photom etry  in B  and V bands and UK IRT photom ­
e try  in J , H  and K  bands. Values a re  given m agnitudes.
M JD B V
53393.0 13.64 ±0.06 -
53393.1 13.60 ±0.04 13.54 ±0 .04
53395.0 13.86 ±0.06 13.61 ±0.05
53395.1 13.90 ±0.05 13.60 ±0 .04
53396.0 13.98 ±0 .06 13.73 ±0.05
53396.1 13.91 ±0.05 13.72 ±0.05
M JD J H K
53390.4 13.08± 0.01 12.66± 0.02 12.17± 0.02
53390.6 13.05± 0.01 12.67± 0.02 12.11± 0.02
53391.4 13.05± 0.01 12.72± 0.02 12.28± 0.02
53391.6 13.14± 0.01 12.80± 0.02 12.24± 0.02
53393.4 13.28± 0.01 12.96± 0.02 12.40± 0.02
53393.7 13.20± 0.01 12.91± 0.02 12.51± 0.02
53394.4 13.29± 0.01 12.95± 0.02 12.55± 0.02
53394.7 13.27± 0.01 12.97± 0.02 12.54± 0.02
53395.4 13.39± 0.01 13.04± 0.02 12.60± 0.02
53395.6 13.34± 0.01 13.04± 0.02 12.65± 0.02
53409.6 14.80± 0.00 14.56± 0.01 14.11± 0.01
53412.5 15.93± 0.01 15.40± 0.01 15.00± 0.01
53426.5 17.06± 0.03 16.24± 0.03 15.97± 0.04
im posed on th e  decay profile, (C hou e t al. 2005) b u t no t 
th e  rad io  (R upen , D haw an & M ioduszew ski 2005). H ynes et 
al. (2006) stu d ied  th e  sh o rt-te rm  variab ility  of th e  infrared, 
op tica l and  X -ray em ission and  discovered an  optically  th in  
synch ro tron  origin to  th e  variable in frared  com ponent. A 
sim ilar resu lt was discovered from  com parison of th e  op tical 
and  in frared  SED s (Z u rita  e t al. 2006).
2 O B S E R V A T IO N S
O bservations took  place a t h a rd  and  soft X -rays, optical, in ­
frared  and  rad io  w ith  a view to  ob ta in ing  full spec tra l cover­
age for a large num ber of epochs, as requ ired  for m onitoring  
of th e  spec trum  as th e  o u tb u rs t evolved.
2 .1  X -r a y s
H ard  X -ray observations in  th e  energy range 14-195 keV 
w ere ob ta ined  by th e  B u rst A lert Telescope (BA T) on-board  
S w if t . T hese observations were particu la rly  fo rtu itous since 
S w if t  h ad  been  launched  less th a n  tw o m onths p rio r to  th e  
o u tb u rs t of X T E  J1118+480. T he  B A T had  only been  col­
lecting  d a ta  for a m on th , m aking  th is  o u tb u rs t one of th e  
first tran s ien t events observed by S w if t .  T he  o th e r S w if t  
in s tru m en ts  w ere no t yet in  full o p e ra tiona l m ode and  no 
p o in ted  observations were achievable. However, th e  large 
field of view of th e  B A T m ean t th a t  X T E  J1118+ 480 was 
d e tec ted  on te n  occasions while still b righ t. T he  sp ec tra  were 
processed in a m anner sim ilar to  th a t  for G R O  J 1 6 5 5 -40 
(see B rocksopp e t al. 2006 for full details) and  th e  count 
ra te s  listed  in  T able 1.
F u rth e r h a rd  X -ray  observations in th e  range 20-200 
keV  w ere o b ta ined  using th e  public  archive of th e  H E X T E
(H igh E nergy X -ray T im ing  E xperim en t) in s tru m en t on­
b o ard  th e  Rossi X -ray  T im ing  E xplorer ( R X T E ) .  D a ta  from  
b o th  c lusters were added  and  th e n  b inned  so as to  achieve 
a  m in im um  of 200 co u n ts /b in  using GRPPHA. W e no te  th a t , 
while d e tec to r 2 on C luste r 1 lost its  sp ec tra l capab ilities 
du ring  th e  early  stages of th e  m ission, th is  is accounted  for 
du ring  th e  s ta n d a rd  d a ta  reduction . F u rth erm o re  we have 
checked th e  sp ec tra  of th e  plus and  m inus background  p o ­
sitions (for m ore deta ils see e.g. Section 3 of R o thsch ild  & 
L ingenfelter 2003) for our observations and  confirm ed th a t 
th e re  was no noticeab le  difference betw een th e  clusters.
Soft X -ray  observations were o b ta ined  from th e  p u b ­
lic archives of b o th  th e  All Sky M onitor (ASM; 2-12 keV) 
and  th e  P ro p o rtio n a l C oun ting  A rray  (PC A ; 2-20 keV) on­
b o ard  R X T E ,  th e  la t te r  of w hich gives b e tte r  sensitiv ity  b u t 
less frequent observations. W e ex trac ted  sp ec tra  from th e  
P C A  d a ta  using FTOOLS version 6.1.1, including d a ta  only 
from  th e  P ro p o rtio n a l C oun ter U n it 2 w hich was function­
ing th roughou t. W e used  th e  background  m odel app ro p ria te  
for fain t sources and  corrected  th e  sp ec tra  for dead-tim e 
(a lthough  th e  source co u n t-ra te  is such th a t  dead-tim e ef­
fects are sm all). We added  a  system atic  erro r of 0.6% to  th e  
co u n t-ra te  in  each sp ec tra l b in  using GRPPHA. T h e  re su ltan t 
P C A  count ra te s  are listed  in  T able 1.
2 .2  O p tic a l /  In frared
B - and  V -band  observations were o b ta ined  v ia  a T arget 
of O p p o rtu n ity  p roposal a t th e  L iverpool Telescope (LT). 
T he  R A T C am  in s tru m en t was used and  th e  d a ta  were re­
duced using th e  s ta n d a rd  LT pipeline ro u tin es1. T he  resul­
ta n t  ap p aren t m agn itudes were ex trac ted  using G a ia , w ith  
reference to  observations of s ta n d a rd  stars, and  are listed  in  
T able 2. A dd itiona l op tica l pho to m etry  has been  retrieved  
from  th e  lite ra tu re  (Z u rita  e t al. 2005a,b,c,2006; C hou e t al. 
2005a,b).
J  -, H - and  K -b a n d  observations were ob ta ined  v ia  a 
T arget of O p p o rtu n ity  p roposal a t th e  UK In frared  Tele­
scope (U K IR T ). T he  U F T I (U K IR T  F ast T rack  Im ager) in ­
s tru m en t was used  and  th e  d a ta  w ere reduced  using the  
s ta n d a rd  U K IR T  softw are, ORACDR, again  w ith  reference 
to  s ta n d a rd  stars. T he  re su ltan t ap p a ren t m agn itudes are 
given in  T able 2. A dd itiona l near-in frared  pho to m etry  has 
been  ex trac ted  from  th e  lite ra tu re  (H ynes e t al. 2005, 2006)
2 .3  R a d io
W e ex trac ted  V LA rad io  observations a t 1.42, 4.7, 8.4, 15 
and  23 GHz from  th e  public archive of th e  Very L arge A r­
ray  (V LA). T he  array  was in  th e  A configuration  a t th e  
beginning of th e  o u tb u rs t, sw itching to  th e  AB configura­
tio n  on 2005 Jan u ary  14 and  th e  source was de tec ted  d u r­
ing 10 epochs. T he  flux ca lib ra to rs 3C 286, 3C 147 a n d /o r  
3C 48 w ere used  depending  on tim e and  w avelength. P h ase  
referencing was applied  using th e  ca lib ra to rs 1146+539 
(JVAS J1146+5356), 11534+49311 (JVAS J1153+4931) or 
11270+45161 (JVAS J1126+4516), depend ing  on wave­
leng th . T he  d a ta  were reduced  using s ta n d a rd  flagging, cali­
b ra tio n  and  im aging rou tines  w ith in  th e  N ationa l R adio  Ob-
1 h ttp ://te le sco p e .liv jm .ac .u k /In fo /T e lIn s t/P ip e lin es /
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3360 3380 3420 34403400 
MJD—50000
F ig u r e  1. Lightcurves for each waveband. Top: Swift/BAT hard  X -rays (14-195 keV). Second: R X T E /H E X T E  (20-100 keV). T hird: 
R X T E /A SM  (2-12 keV; crosses) and RXTE/PCA  (3-20 keV; solid sym bols). Fourth: optical and infrared points, from  th is  work (solid 
sym bols) and th e  lite ra tu re  (o ther sym bols). H orizontal line indicates R -band quiescence (Z urita  e t al. 2006). E rror-bars are  to  w ithin 
th e  size of th e  points. B ottom : radio  d a ta  from  th e  VLA (solid sym bols) and Ryle Telescope (open sym bols). Sm all sym bols (after M JD  
53410) are 3a  upper lim its a t 4.7 and 8.4 GHz. Inset plo t shows m ore clearly th e  deviation from  a  sm ooth decay a t  4.7 GHz. T he dashed 
vertical line in all p lots represents th e  tim e of th e  PC A  peak.
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T a b le  3. VLA flux densities a t 1.42, 4.7, 8.4, 15 and 23 GHz. 1a errors are listed for detections; 3a  upper lim its a re  included for 
non-detections. Ryle Telescope daily-averaged flux densities a t 15 GHz are also listed.
M JD R adio F lux D ensity (m Jy)
1.42 GHz 4.7 GHz 8.4 GHz 15 GHz 23 GHz
53383.2 - - - 8 .7 ±  1.9
53383.3 - 5 .85±  0.13 12.29± 0.15 8.74±0.70 7.44±0.49
53384.0 - - - 11.2±2.0
53384.7 - 5.70± 0.20 7.69±  0.15 - -
53385.4 - - - 9 .6±  2.8
53386.0 - - - 8 .0 ±  2.1
53386.2 2.45±0.30 4.44± 0.19 6.12± 0.13 - -
53387.4 - - - 7 .8±  2.3
53388.4 - - - 7 .8±  1.5
53391.6 1.58±0.27 3.97± 0.17 5.29±  0.10 - 5 .34±  0.32
53393.0 - - - 3 .7±  1.9
53393.9 - - - 4 .2±  1.9
53394.3 - 2.74± 0.18 3.35±  0.11 - 5 .18±  0.30
53396.1 - - - 3 .4±  2.1
53396.5 0.76±0.20 2.38± 0.17 2.57± 0.10 2.69±0.53 3 .61±  0.28
53399.3 0.50±0.22 1.86± 0.16 1.81± 0.10 2.05±0.42 2.55± 0.19
53401.3 - - 1.55± 0.12 - -
53404.2 - 0 .40±  0.13 0 .96±  0.14 - 1.25± 0.24
53407.5 - 0 .21±  0.10 0 .40±  0.13 - -
53414.0 - <  0.13 <  0.13 - -
53421.0 - <  0.15 <  0.10 - -
53428.0 - — <  0.12 - -
se rv a to ry ’s A stronom ical Im age Processing System  ( AIPS). 
T he  flux densities of th e  p rim ary  ca lib ra to rs were ob ta ined  
using th e  form ulae of B aars e t al. (1977) b u t w ith  th e  re­
vised coefficients of R ick Perley, as is th e  defau lt op tion  in 
th e  SETJY routine. T he  flux densities of X T E  J1118+480 
w ere ca lcu lated  by fitting  a  G aussian  to  th e  position  of th e  
source; each d e tec tion  showed th e  source as an  unresolved 
po in t source.
A dd itiona l rad io  observations a t 15 GHz were ob ta ined  
a t  th e  R yle Telescope of th e  M ullard  R ad io  A stronom y O b­
servatory, C am bridge, UK. F u rth e r de ta ils  of th e  observing 
techn ique can  be found in Pooley & Fender (1997). All VLA 
and  R yle flux densities are listed  in  T able 3
3 R E S U L T S  - L IG H T C U R V E S
T h e  re su ltan t lightcurves for th e  2005 o u tb u rs t of 
X T E  J1118+480 are show n in  Fig. 1. T here  is good tem ­
po ra l coverage in  all w avebands and  th ere  are m any  epochs 
w ith  observations ob ta ined  sim ultaneously  in  m ore th a n  one 
sp ec tra l region.
T h e  top  two panels of Fig. 1 show th e  h a rd  X -ray tem ­
po ra l behav iour as observed w ith  B A T and  H E X T E . T he 
onset of th e  o u tb u rs t was de tec ted  by th e  BAT in s tru m en t, 
showing a steep  rise in  th e  num ber of counts from  M JD  
53380 to  a m axim um  around  M JD  53384. H E X T E  began  
po in ted  observations ju s t p rio r to  th e  h a rd  X -ray peak  (M JD  
53384-5). T hey  th e n  decayed w ith  a t least one “shoulder” 
(e.g. ~  M JD  53392) superim posed  on th e  o therw ise expo­
nen tia l decay profile (there  are possibly two fea tu res on th e  
H E X T E  lightcurve -  ~  M JD  53388 and  M JD  53392). T he 
final d a ta -p o in t of n o te  is a t ^ M J D  53410, an  ap p aren t re­
flare w ith  possible re la ted  fea tu res a t lower frequencies (see 
below).
T he  soft X -rays a t 2-12 keV  (ASM: crosses) and  3-20 
keV  (PC A : solid circles), p lo tted  in  th e  th ird  panel, show 
sim ilar behaviour. T hey  rise to  a single peak , before decay­
ing sm ooth ly  w ith  a sim ilar “shoulder” -like fea tu re  su p e r­
im posed on th e  P C A  decay th a t  coincides loosely w ith  th a t  
of th e  B A T and  H E X T E . T he  ap p a ren t reb righ ten ing  in  th e  
A SM  d a ta  (^ M JD  53412) and  also in  one of th e  P C U  de­
tec to rs  on th e  PC A  (PC U  0 only, w hich we do no t include in 
Fig. 1) appears  to  be a background  event, desp ite  th e  quasi­
sim ultaneity  w ith  th e  fea tu res in  H E X T E  and  th e  optical.
T he  fo u rth  panel shows th e  op tica l and  in frared  d a ta  
and  th e re  is a  very different lightcurve m orphology; th e  de­
cay is m uch slower th a n  th a t  of th e  X -rays. A second, sm aller 
p eak  is observed in  th e  V -band  after th e  source h ad  been 
decaying for ab o u t a  m on th , a lthough  th is  occurs a  few days 
after th e  reflare of th e  h a rd  X -rays. We no te  th a t  th e  BAT 
and  A SM  po in ts before and  after th e  o u tb u rs t rep resen t non­
detec tions ra th e r  th a n  d e tec ted  quiescence and , as such, can ­
no t be used to  claim  th a t  th e  op tica l rise p receded th a t  of 
th e  X -rays.
F inally  th e  b o tto m  panel shows th e  rad io  d a ta . No 
po in ts were o b ta ined  during  th e  rise and  so th e  rad io  m ust 
have peaked  before or sim ultaneously  w ith  our first obser­
vation  on M JD  53383. T he  rad io  p eak  therefore  apparen tly  
precedes or coincides w ith  th e  X -ray  and  op tica l peaks. 
T he  u ncharac te ris tic  broken  decay of th e  bette r-sam p led  fre­
quencies (4.7 and  8.4 GHz) h in ts  a t an  ad d itiona l ejection 
event, p resum ab ly  re la ted  to  th e  fea tu res seen in  th e  X -ray 
lightcurves. T he  rad io  source th e n  decayed to  below 3 a  be­
tw een M JD  53407 and  53414.
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F ig u r e  2. T he com bined RXTE/PC A , R X T E /H E X T E  and 
Swift/BAT d a ta  from  M JD  53384 (53384a in Table 4) fitted  si­
m ultaneously w ith a  sim ple power-law model. T he d a ta  have been 
rebinned to  5a  for th e  plo t only. Top panel: counts spectrum  w ith 
residuals, th e  PC A , H E X T E  and BAT points are indicated by 
crosses, circles and squares respectively. B ottom  panel: unfolded 
energy spectrum . T he offset in norm alisation  betw een th e  BAT 
and H E X T E  d a ta  is surprising  and indicates th e  need for a  care­
ful s tudy  of spec tra l fits w ith th e  BAT survey d a ta  in relation  to  
o ther instrum ents. Such stu d y  is beyond th e  scope of th is  paper 
b u t th e  discrepancy does not affect th e  resu lts presented here.
4 R E S U L T S  - S P E C T R A
D etailed  b ro ad b an d  m odelling of d a ta  from  M JD  53393 can 
be  found in  M aitra  e t al. (2009). For th is  s tu d y  we are in te r­
ested  only in  th e  variab ility  of th e  overall spectra ; therefore 
we fit th e  so f t/h a rd  X -ray  sp ec tru m  w ith  a  sim ple power- 
law, using th e  m odel POWERLAW w ith in  XSPEC V ll .3 .2 .  
T h is  sim ple m odel was successful a t fitting  th e  h a rd  X -ray 
sp ec tra  in  th e  range 14-195 keV, yielding values of V  in 
th e  range 1.5-2.1. S im ilarly th e  m odel was successful a t fit­
ting  th e  R X T E / P C A  sp ec tra  in  th e  range 3-20 keV  w ith  
1.7 <  r  <  1.9; we also included  a  G aussian  of w id th  0.01 
keV  and  energy 6.6 keV, rep resen ting  em ission due to  Fe 
K a, w hich b o th  im proves th e  fit and  provides consistency 
w ith  M aitra  e t al. (2009). T he  re su ltan t pow er-law  fits are 
consisten t w ith  th e  X -ray  source having rem ained  in  th e  
lo w /h a rd  s ta te  for th e  d u ra tio n  of th e  o u tb u rs t. H aving fit 
th e  h a rd  and  soft X -rays separately , we th e n  fit Sw ift/B A T , 
B X T E /H E X T E  and  R X T E / P C A  sim ultaneously. T he  re­
su lta n t fit p a ram eters  are listed  in  T able 4 and  show th a t 
th is  sim ple pow er-law  m odel provides a good fit to  th e  d a ta .
T a b le  4. R esults of fitting  a  sim ple power-law spec tra l m odel to  
th e  combined RXTE/PC A , R X T E /H E X T E  and Sw ift/B A T  d a ta  
sim ultaneously. W here th ere  is m ore th an  one RXTE  observation 
per day, we have used th e  single BAT spectrum  w ith each RXTE  
spectrum . We adop t Nh =  1.3 X 1020 and include a  G aussian of 
w idth  0.01 keV a t 6.6 keV (following M aitra  et al. 2009). T he 
colum ns list values for th e  photon  index and norm alisation  of th e  
power law, th e  reduced x 2 an d num ber of degrees of freedom. 
E rrors are to  w ithin 90% confidence.
Epoch PL  Index PL  N orm alisation x l dof
53384a 1.76 ± 0 .0 2 0.137 ± 0 .0 0 3 0.75 73
53388a 1.77 ± 0 .0 1 0.101 ± 0 .0 0 2 0.86 196
53388b 1.76 ± 0 .0 1 0.095 ± 0 .0 0 2 1.09 212
53390a 1.79 ± 0 .0 2 0.086 ± 0 .0 0 3 1.13 172
53390b 1.78 ± 0 .0 1 0.094 ± 0 .0 0 2 0.98 185
53390c 1.78 ± 0 .0 2 0.089 ± 0 .0 0 2 0.92 118
53392a 1.79 ± 0 .0 3 0.069 ± 0 .0 0 4 0.90 125
53392b 1.79 ± 0 .0 2 0.071 ± 0 .0 0 2 0.70 119
53392c 1.84 ± 0 .0 2 0.066 ± 0 .0 0 3 0.97 124
53394a 1.83 ± 0 .0 1 0.054 ± 0 .0 0 1 0.89 212
53394b 1.83 ± 0 .0 2 0.044 ± 0 .0 0 1 1.07 176
53394c 1.83 ± 0 .0 3 0.049 ± 0 .0 0 2 0.94 134
53394d 1.84 ± 0 .0 3 0.050 ± 0 .0 0 2 0.82 147
53396a 1.84 ± 0 .0 2 0.039 ± 0 .0 0 1 0.98 176
53396b 1.83 ± 0 .0 4 0.033 ± 0 .0 0 2 0.93 118
53398a 1.91 ± 0 .0 9 0.025 ± 0 .0 0 4 0.85 80
53398b 1.83 ± 0 .0 4 0.023 ± 0 .0 0 2 1.00 163
A sam ple sp ec tru m  is p lo tted  in  Fig. 2. We see no evi­
dence for an  exponen tia l cut-off to  th e  h a rd  X -ray spec trum  
up  to  200 keV  using th e  phenom enological cut-off power- 
law  m odel, CUTOFFPL. D etailed  b ro ad b an d  (radio  to  X -ray) 
sp ec tra l fits to  quasi-sim ultaneous d a ta  a t m ultip le  epochs 
d u ring  th e  o u tb u rs t decay will be  p resen ted  in a  forthcom ing 
p ap e r (M aitra  e t al. 2010, in  prep .).
T he  op tica l and  in frared  sp ec tra  have been  analysed in 
d e p th  by Z u rita  e t al. (2006) and  H ynes e t al. (2006) and  so 
we do n o t rep ea t th e ir  w ork here.
R adio  sp ec tra l indices, a  (defined by S v cx v a , w here S v 
is th e  flux density  a t frequency v ) have been  ca lcu la ted  for 
each epoch for w hich th e re  were tw o or m ore observing fre­
quencies. T hey  are listed  in  T able 5 and  th e  sp ec tra  p lo tted  
in  Fig. 3. In  each case, a  is consisten t w ith  th e  inverted  spec­
tru m  we would expect in  th e  lo w /h a rd  s ta te . However, th e  
h igh values of \ 2 reflect th e  poor fits of th e  d a ta  to  a power- 
law, particu la rly  for M JD  53383, as can  be  seen in  Fig. 3. I t 
appears  th a t  a lthough  th e  sp ec tra  are p redom inan tly  p a r­
tia lly  self-absorbed, as ind ica ted  by th e  positive values of a ,  
th e re  is also optically  th in  em ission presen t a t h igher fre­
quencies for som e epochs. T he  observed rad io  sp ec tru m  is 
th e  com posite of op tically  th in  ( a  <  0 ) rad io  em ission from  
ejections earlier in th e  o u tb u rs t th a t  b lend  w ith  th e  core 
fla t-spec trum  ( a  = 0 ) rad io  em ission (see e.g. Jonker e t al. 
2009). Fig. 3 and  T able 5 suggest ten ta tiv e ly  th a t  th e  con­
tr ib u tio n  of op tically  th in  em ission m ay be asscociated w ith  
th e  in itia l o u tb u rs t and  th e  rad io  “shoulder” a t M JD  53391, 
w hen th e  pow er-law  fits are w orst, and  decrease as th e  radio  
source decays. A gain, however, th e  poor fits to  th e  sp ec tra  
require  us to  be  cau tious in  draw ing such a conclusion.
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T a b le  5. Spectral indices for VLA da ta . T he spectra l index, a , 
is defined in term s of Sv oc i/a , where Sv is th e  flux density  
a t  frequency v. Epochs w ith two or m ore frequencies have been 
included. We note th a t  th e  values of a  m ay be m isleading as th e  
to ta l radio  emission m ay incude residual optically  th in  emission, 
from  th e  onset of th e  o u tb u rst, a t  higher frequencies a t  some 
epochs. T he relatively poor fits to  a  power-law are reflected in 
th e  high values of x 2 shown in th e  fourth  colum n.
a=0.31 ±0.03
MJD 53396
M JD a « e rr X2 D O F
53383.3 0.39 0.02 743.0 2
53384.7 0.42 0.07 1.9 0
53386.2 0.43 0.05 3.4 1
53391.6 0.31 0.03 54.1 2
53394.3 0.41 0.05 0.3 1
53396.5 0.40 0.05 11.9 3
53399.3 0.34 0.06 10.3 3
53404.2 0.37 0.18 4.8 1
53407.5 0.31 0.94 0.7 0







F ig u r e  3. R adio  spec tra  for those epochs w ith four or m ore fre­
quencies. An optically  th in  tu rnover a t higher frequencies can 
be  seen in th e  to p  plo t and m ay be “contam inating” th e  others. 
Best-fit stra ig h t lines of gradient a  a re  p lo tted  on each panel.
5 R E S U L T S  - F L U X :F L U X  C O R R E L A T IO N S
In  Section 3 we com m ented  on th e  degree of flux correlation  
betw een  th e  various w avebands and  investigate  it fu rth er 
here. W e use th e  H E X T E  d a ta  as a  benchm ark  lightcurve 
since it  has w ell-sam pled d a ta  and  is least likely to  be con­
ta m in a te d  w ith  disc emission. U sing E ( B  — V )  =  0.21 
(H ynes e t al. 2000), th e  ex tinc tion  law of C ardelli, C lay­
to n  & M ath is (1989) and  th e  flux conversions of Bessell, 
C astelli & Plez (1998), we converted  th e  f i-b an d  brigh tness 
values to  ex tinc tion-correc ted  flux density  and  overp lo tted  
th e  H E X T E , f i-b a n d  and  4.7-GHz lightcurves (Fig. 4). I t  is 
im m ediately  ap p a ren t th a t  th e  X -ray  and  rad io  lightcurves 
have sim ilar slopes, while th e  f i-b an d  dev ia tes du ring  its  de­
cay. In  order to  quan tify  th is  correlation , we used th e  power- 
law  sp ec tra l fits to  d e term ine  th e  H E X T E  and  PC A  flux 
and  p lo t flux:flux p lo ts for H E X T E :P C A , H E X T E :fi-b an d  
and  H E X T E :rad io(4 .7-G H z) (Fig. 5). D a ta -p a irs  were as si­
m u ltaneous as possible and  always to  w ith in  one day. T he 
re su ltan t S pearm an  correlation  coefficients, p , are >  0.95 to  
w ith in  99% confidence. Such a h igh corre la tion  is surprising  
for th e  f i-b an d  and  m ay reflect a change in  th e  spec trum  
(to  be investigated  fu r th e r in  a fu tu re  work) -  from  th e  
lightcurves we suspect th a t  th e  co rrelation  w ould worsen 
as tim e progresses. T he  filled circles ind ica te  ex tra  po in ts 
(no t included in  th e  fit) for w hich H E X T E  and  P C A  sp ec tra  
could n o t be o b ta ined  due to  th e  low coun t-ra tes; approx-
MJD 53399
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F ig u r e  4 . Superim posed H EX TE, radio  and /.'-band lightcurves; 
th e  /.'-band points have been converted into dereddened flux den­
sity  for m ore accurate  com parison. T here  is significant deviation 
between th e  /.'-band and th e  o ther lightcurves.
im ate  fluxes were derived using W e b P im m s  and  assum ed 
pho ton -index  of 1.8. T he  two po in ts w hich fall off th e  corre­
la tion  reflect th e  H E X T E  reflare.
6 D I S C U S S IO N
T he lightcurves of th e  2005 o u tb u rs t of X T E  J1118+ 48 are 
no tab le  for th e ir  F R E D -like (fast rise, exponen tia l decay) 
m orphology. T hey  show a h igh degree of corre la tion  betw een 
th e  rad io  and  X -ray em ission, suggesting a  close re la tion  be­
tw een th e  em ission processes a n d /o r  em ittin g  regions (see 
Zdziarski & G ierlinski (2004) for discussion of how th e  cor­
re la tion  does n o t requ ire  th e  X -ray  and  rad io  em ission to  
be p roduced  v ia  th e  s a m e  process). T he  op tica l lightcurve 
decays m ore g radually  th a n  those of th e  o th e r bands. T here  
also appears  to  be an  optically  th in  com ponent to  th e  ra ­
dio em ission, w hich possibly decays in  favour of th e  self- 
absorbed  je t as th e  o u tb u rs t proceeds.
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HEXTE Flux (20-200 keV; x10~8 erg/s/cm 2)
F ig u r e  5. Flux:flux plots for H E X T E :PC A , H E X T E :R -band  and 
H EX T E :radio(4 .7  GHz). Spearm an rank  correlation  com ponents 
are shown on each panel; p >  0.95 to  w ith in  99% confidence in 
each case. T he best fit s tra ig h t lines are  p lo tted  over th e  da ta , ac­
com panied by th e ir  respective equations. T he th ree  filled circles 
are add itional (unfitted) points, th e  fa in t X -ray fluxes of which 
were approxim ated  using W e b P i m m s . Two of these th ree  points 
(filled circles) lie off th e  correlations, reflecting th e  H E X T E  re­
flare.
T he rad io  em ission can  be a tt r ib u te d  to  a  je t on ac­
count of its  self-absorbed sp ec tru m  (Fender 2006 and  ref­
erences there in ). If  th e  je t were to  dom ina te  th e  op tical 
and  in frared  em ission th e n  we w ould expect to  see a g rea ter 
co rrelation  betw een th e ir  respective lightcurves. Indeed , th e  
lightcurves show n here could lead  us to  assum e th a t  th e  op­
tica l and  infared  are d om ina ted  by disc em ission were it  no t 
for th e  ad d itiona l synch ro tron  com ponents found by Z u rita  
e t al. (2006), H ynes e t al. (2006) and  M aitra  e t al. (2009). 
N onetheless, desp ite  th e  know n add itiona l synch ro tron  com ­
ponen t, th e  excess of o p tica l/in fra red  em ission following th e  
X -ray /rad io  decay shows th a t  th e  disc em ission is still likely 
to  be significant a t these  w avelengths.
T here  has been  recent d eb a te  regard ing  w hether there  
can  be  a disc com ponent to  th e  X -ray  sp ec tru m  w hen a 
source is in th e  lo w /h a rd  s ta te  (e.g. R eis e t al. 2009; Rykoff 
e t al. 2007; M iller e t al. 2006; C hiang e t al. 2009). G ierlm ski,
D one & Page (2008, 2009) have explained th e  softening of 
th e  sp ec tru m  in  te rm s of irrad ia tio n  of th e  inner disc and  
D one & D iaz Trigo (2009) dem o n s tra ted  th a t  th e  iron  line 
is an  a rte fac t of pile-up, thereby  resolving th e  controversy 
over w hether or no t th e  disc is tru n ca ted . T h is is also d is­
cussed in  M a itra  e t al. (2009), whose m odelling of one epoch 
during  th e  decay of X T E  J1118+480 in 2005 allows for (al­
th o u g h  does no t require) a  sm all inner disc rad iu s  and , con­
sequently, a  source of soft X -rays w ith  w hich to  ir rad ia te  th e  
o u te r disc. For a  typ ica l lo w /h a rd  s ta te  o u tb u rs t we would 
expect th e  pow er-law  com ponent of th e  X -ray  em ission to  
dom inate  a t b o th  h igh and  low energies and  for th ere  to  
be little  difference betw een th e  respective lightcurves. T h a t 
indeed appears  to  be  th e  case in  th e  h igh and  low energy 
X -ray lightcurves p resen ted  here  and  th e re  is no sugges­
tion  th a t  th e re  are con tribu tions from  m ore th a n  one com ­
ponen t (con trasting  w ith  th e  lightcurves of, for exam ple, 
G RO  J 1 6 5 5 -40; B rocksopp e t al. 2006).
O nce th e  X -rays and  rad io  have s ta r te d  to  decay, th e ir 
behav iour is closely linked. T hey  all ap p ea r to  undergo some 
add itiona l event a round  M JD  53385-53390, m anifested  as a 
“shoulder” superim posed  on th e  decay. T he  profile of th e  
rad io  lightcurve is m ore com parab le  w ith  th a t  of sources 
w hich m ade tran sitio n s  to  softer spec tra l sta te s , such as 
X T E  J 1 7 2 0 - 318 or A 0 6 2 0 -00 (B rocksopp e t al., 2005; K u- 
ulkers e t al. 1999 respectively) th a n  we w ould expect for a 
source in  th e  lo w /h a rd  s ta te . A second, op tica lly -th in , je t 
e jec tion  event seem s a likely cause of th is  rad io  “shoulder” , 
particu la rly  as th e  rad io  sp ec tru m  a t th is  tim e  is p a rticu ­
larly  poorly  fit by a  power-law. C onfirm ation  of th is  would 
require  d e tec tion  of a sim ultaneous reduc tion  in  th e  spec tra l 
index, needing h igher sensitiv ity  and  sam pling  in  th e  radio  
d a ta . M ultip le  ejections are com m only associated  w ith  tr a n ­
sient events (B rocksopp e t al. 2002) b u t m ore usually  w ith  
th e  optically  th in  events of sources w hich soften and  en te r 
th e  very h igh s ta te  (Fender e t al. 2004). Such je t ejections 
m ay be unexpected  during  th e  lo w /h a rd  s ta te  b u t n o t u n ­
p recedented  (e.g. GS 1 3 5 4 -6 4  B rocksopp e t al. 2001). I t 
m ay be th a t  th e  “canonical” stab le , com pact fla t-spectrum  
je t of th e  lo w /h a rd  s ta te  (e.g. Cyg X-1, G X  3 3 9 -4  or th e  
2000 o u tb u rs t of X T E  J1118+480; M arkoff e t al. 2005 and  
references there in ) m ay tu rn  ou t to  be th e  exception  ra th e r  
th a n  th e  norm . A lternatively , th is  “ejec tion” m ay be  m ore 
like th e  flare seen in  V404 Cyg during  quiescence, th o u g h t to  
be som e so rt of re-energising of th e  electrons w ith in  th e  je t 
ra th e r  th a n  a new  ejection  event (M iller-Jones e t al. 2008), 
a lbeit on a m uch longer tim escale.
G iven th e  link  betw een th e  pow er-law  X -ray em ission 
and  th e  je t it  m ight seem  su rprising  th a t  th e  reflare a t 
^ M J D  53415 was de tec ted  a t op tica l and  h a rd  X -ray wave­
lengths b u t no t th e  radio. W e no te  th a t  th e  X -ray  reflare 
p receded th e  op tica l reflare and  occurred  in  a  gap betw een 
rad io  observations and  so we could have m issed a sim ilar 
event in th e  rad io  due to  th e  sparse sam pling. M ultiw ave­
leng th  daily  m on ito ring  of these  events is requ ired  a t high 
sensitiv ity  to  de term ine  th e ir  tru e  n a tu re .
Finally , we com pare these  resu lts  w ith  th e  X -ray, op­
tica l and  rad io  lightcurves of th e  2000 o u tb u rs t of X T E  
J1118+480, de ta iled  analyses of w hich were p resen ted  by 
C h aty  e t al. (2003) and  B rocksopp e t al. (2004). T he 
lightcurves of th a t  event are n o tab le  for th e ir  highly corre­
la ted  behav iour a t all frequencies, w ith  th e  long, p lateau-like
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second peak  seen sim ultaneouly  a t h a rd  X-ray, soft X-ray, 
op tica l and  rad io  w avelengths. S pectra l fits showed th a t  th e  
synch ro tron  je t was found to  ex tend  to  h igh frequencies, pos­
sibly th e  h a rd  X -rays, and  dom ina te  th e  co n trib u tio n  from 
any disk com ponent (M arkoff e t al. 2001). In  co n trast, th e  
2005 even t shows a  m uch m ore “canonical” F R E D  lightcurve 
m orphology, often  seen in  soft X -ray  tran s ien t events. T he 
o p tica l em ission shows a m uch slower decay th a n  th e  X- 
ray  and  radio , suggesting  th a t  it is dom inated  by an  a lte r­
n a tive  com ponent, m ost likely an  accretion  disc, a lthough  
th e re  also appears to  be a  synch ro tron  com ponent (as d is­
cussed above). T he  flat sp ec tru m  of th e  synch ro tron  em is­
sion is co n tam in a ted  by optically  th in  rad io  em ission. D if­
ferent phenom ena are clearly dom inating  th e  2000 and  2005 
events, desp ite  b o th  being governed by th e  p ropertie s  of th e  
lo w /h a rd  s ta te . O bviously these  phenom ena canno t be  p ro p ­
erties w hich w ould rem ain  unchanged  over th e  in terven ing  5 
years, such as o rb ita l pa ram eters , m ass of th e  com ponents 
or th e  sp in  of th e  black hole. W e m ay need to  consider p ro p ­
erties in trinsic  to  th e  accretion  disc or je ts  instead .
7 C O N C L U S IO N S
X T E  J1118+ 480 has now been  observed during  two o u t­
b u rs ts . We have ob ta ined  d a ta  for th e  2005 event, covering 
all w avebands a t m ultip le  epochs. We use analysis of th e  
lightcurves to  d isen tangle je t and  disc em ission w ith  a view 
to  full sp ec tra l m odelling in  a fu tu re  work. T he  resu lts  po in t 
tow ards a very different n a tu re  of X T E  J1118+ 480 in  2005 
com pared  w ith  2000, desp ite  b o th  events rem ain ing  in  th e  
lo w /h a rd  s ta te  and  showing co rrelated  X -ray and  rad io  b e ­
haviour. In  2000 th e  lightcurves a t X-ray, op tica l and  ra ­
dio w avelengths were characterised  by a long, p lateau-like 
phase, w hich could be a ttr ib u te d  to  a dom inan t and  long- 
lasting  stab le  je t, w ith  a flat sp ec tru m  ex tend ing  a t least 
th ro u g h  th e  lower frequencies. In  co n trast, th e  2005 o u t­
b u rs t behaved  m ore like a  canonical soft X -ray  tran sien t, 
w ith  short-lived  je t e jec tion  events, an  optically  th in  con tri­
b u tio n  to  th e  synch ro tron  spec trum , a m ore dom inan t disc 
com ponent and  a “fast rise, exponen tia l decay” lightcurve 
m orphology. T hese resu lts  add  to  th e  discussion th a t  th e  
lo w /h a rd  s ta te  covers a w ider range of p ropertie s th a n  ty p ­
ically assum ed. F u rtherm ore , th ey  show th a t  th e  n a tu re  of 
an  o u tb u rs t in  th e  lo w /h a rd  s ta te  m ust be  governed by a t 
least one p ro p erty  th a t  can  vary  on a tim escale of ju s t a  few 
years.
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